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Remazol Red 198Abstract O-Carboxymethylchitosan-N-lauryl/c-Fe2O3 magnetic nanoparticles (OCh-LM) were
synthesized and characterized using FT-IR, TGA, SEM and VSM. The OCh-LM was essentially
spherical in shape, with a mean particle size of 11.1 ± 3.4 nm and saturated magnetization of
18.4 emu/g. The nanoparticle was used to remove the anionic dye Remazol Red 198 (RR198) from
aqueous solution by the batch system. The kinetic data and adsorption isotherm were best fitted by
the pseudo-second order kinetic model, and the Langmuir–Freundlich isotherm, respectively. Ther-
modynamic parameters such as change in enthalpy, change in Gibbs free energy and change in
entropy were estimated, and the results indicated that the adsorption process was spontaneous
and endothermic. The maximum adsorption capacity, calculated through the Langmuir–Freundlich
model at 25 C, was 216 mg/g. Desorption of the dye and reuse of the adsorbent were performed in
four cycles. These results show that OCh-LM can be potentially used as a magnetic adsorbent to
remove RR198 and probably other anionic reactive dyes from aqueous solution for avoiding the
secondary pollution.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The textile industry is a major consumer of synthetic dyes and
water. Therefore, it is one of the main industries responsible
for the generation and discharge of liquid effluents. The
discharge of dyes from textile industry wastewater into the
aquatic environment can cause serious health and environmentalagnetic
Nomenclature
Cs amount of dye adsorbed at adsorbent (mg/g)
Ce dye concentration at equilibrium (mg/L)
KL Langmuir adsorption constant (L/mg)
qm maximum adsorption capacity (mg/g)
KF Freundlich adsorption constant (L/g)
c heterogeneity factor
KLF Langmuir–Freundlich adsorption constant (L/mg)
K1 rate constant of pseudo-first-order (1/min)
qe amount of dye adsorbed (mg/g) in equilibrium
qt amount of dye adsorbed (mg/g) at time t (min)
K2 rate constant of pseudo-second-order model
(g/mg min)
KIP intraparticle diffusion rate constant (mg/g min
1/2)
KD equilibrium constant
2 C.A. Demarchi et al.problems, as well as negative visual impact due to coloration
of the water (Singh and Arora, 2011; Asgher, 2012; Mansour
et al., 2012).
Many processes have been proposed for wastewater treat-
ment, most of them based on chemical reactions, ranging from
precipitation/flocculation (Singh and Arora, 2011; Verma
et al., 2012). The adsorption process has been found to be
effective for dye removal from wastewater (Yagub et al.,
2014). Various adsorbents have been tested and used for this
purpose, such as activated carbon (Mezohegyi et al., 2012;
Ahmad et al., 2012) and low-cost biosorbent (Hassani et al.,
2014; Magriotis et al., 2014).
Magnetic nanoparticles have been used as adsorbent for
removing dye and other toxic substances present aqueous
solution. Their main advantage compared with non-
magnetic adsorbents is their facility to remove from solu-
tion (Debnath et al., 2014; Wu et al., 2014; Bayazit and
Kerkez, 2014). The magnetic properties of the nanoparticles
enable separation using a magnetic separator, avoiding the
need for steps such as filtration, centrifugation or decanta-
tion (Aguilar-Arteaga et al., 2010). Besides, magnetic
nanoparticles are promising for industrial scale wastewater
treatment, due to their low cost, strong adsorption capac-
ity, easy separation and enhanced stability (Xu et al.,
2012).
Recently, several researchers have reported on the magnetic
nanoparticle containing chitosan derivatives and their applica-
tion in dye removal. The main advantage of the magnetic
adsorbents containing chitosan derivatives is their higher
capacity to remove dye, due to the presence of functional
groups that promote specific interactions between the
adsorbent and dye (Debrassi et al., 2012, 2013; Han et
al., 2013; Fan et al., 2012; Zhu et al., 2012). The
O-carboxymethylchitosan-N-lauryl, an amphiphilic chitosan
derivate, has been used for adsorption of cationic textile dye
and showed high adsorption capacity (Largura et al., 2010).
The incorporation of magnetic particles in the polymer aims
at improving this characteristic, as well as promotes their
recovery and reuse.
In this study, we report the synthesis and characteri-
zation of O-carboxymethylchitosan-N-lauryl/c-F2O3 magnetic
nanoparticles, and its use in the removal of Remazol Red 198
(RR198) from aqueous solution. This study was also
evaluated the possibility of reusing of both adsorbent and
dye. Dye adsorption studies were conducted by batch
systems.Please cite this article in press as: Demarchi, C.A. et al., Adsorption of the dye Rem
nanoparticles. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arab2. Experimental
2.1. Materials
Chitosan was purchased from Purifarma, Sa˜o Paulo, Brazil.
The degree of deacetylation was 85% and the molecular weight
by viscometry was 8.0  105 g/mol. RR198 was kindly donated
by Linhas Denil Ltda (Poa´, SP, Brazil). The reagents used were
all of analytical grade, obtained from Vetec Quı´mica Fina
(Brazil), unless stated otherwise, and all the solutions were pre-
pared with distilled water.
2.2. Synthesis of O-carboxymethylchitosan-N-lauryl (OCh-L)
O-Carboxymethylchitosan (OCh) with a carboxymethylation
degree of 22% was synthesized as previously described
(Debrassi et al., 2012). The OCh-L was synthesized by a mod-
ified method described in the literature (Debrassi et al., 2013).
Briefly 10 g of OCh was dispersed in 600 mL of distilled water.
The pH was adjusted to 7.0 by the addition of NaOH 1.0 M.
Lauroyl chloride (40 mL) (Aldrich, Italy) was then added.
After 6 h, the solution was neutralized (pH 7.0) and then
was added to precipitate the polymer. The precipitate was col-
lected by filtration, washed and purified with acetone using a
Soxhlet extractor. The degree of substitution of OCh-L was
34%, determined by the Fourier transform infrared spec-
troscopy (FT-IR) method (Tien et al., 2003).
2.3. Synthesis of O-carboxymethylchitosan-N-lauryl magnetic
nanoparticles (OCh-LM)
The inorganic magnetic material was prepared by the
co-precipitation of ions Fe3+ and Fe2+ at a rate of 2:1.
FeCl36H2O (9.1 g) and FeSO4(NH4)2SO46H2O (6.7 g) were
dissolved separately in 100 mL of water. The FeCl36H2O
solution was added slowly to the FeSO4(NH4)2SO46H2O
solution, maintaining the pH value close to 9.0 with a
NaOH solution. The particles were filtered, washed with water,
and dried under vacuum (Ma et al., 2007).
For the preparation of the OCh-L magnetic nanoparticles
(OCh-LM), OCh-L (5 g) was dispersed in water (250 mL),
the pH was adjusted to 10.0, and inorganic magnetic particles
(2.5 g) were added. The dispersion medium (250 mL),
composed of hexane, mineral oil (35:25, v/v), and Tween 80
(1.0 mL), was added to the polymer dispersion. Fifteenazol Red 198 (RR198) by O-carboxymethylchitosan-N-lauryl/c-Fe2O3 magnetic
jc.2015.08.028
Adsorption of the dye Remazol Red 198 (RR198) 3minutes later, 1.0 mL of glutaraldehyde was added. 1 h later, a
further 1.0 mL of glutaraldehyde was added and then stirred
again for 1 h. The product was filtered, washed with ethanol
and hexane, and dried under vacuum for 24 h (Debrassi
et al., 2012).
2.3.1. Characterization of the OCh-LM magnetic particles
FT-IR spectra were recorded on a FTIR Prestige-21,
Shimadzu (Japan). Thermogravimetric analysis (TGA) was
carried out using a Netzsch STA 449 F3 Jupiter
thermal analyzer (Germany). The temperature range was
30–700 C, with a heating rate of 10 C min1 under nitrogen
atmosphere.
The magnetization measurements were carried out at room
temperature using a vibrating sample magnetometer VSM
Oxford Ltd (United Kingdom) in a field ranging from 10
to +10 kOe. The microstructure of the OCh-LM was charac-
terized with transmission electron microscopy (TEM) using a
JEOL JEM 2000-EX (Japan).
2.4. Equilibrium adsorption
Batch adsorption equilibrium studies were performed using
10 mg of OCh-LM added to 10 mL of RR198 dye (50–
250 mg/L) in distillated water pH 7.0, buffer solution
ClCH2COOH/ClCH2COONa (0.05 M) pH 2.0 or buffer
tris(hydroxymethyl)aminemethane (TRIS) pH 9.0. The solutions
were stirred with thermostating for 60 min. The magnetic
material was then separated using an external magnetic field,
and the dye concentration was determined using a Spectrovision
UV–visible DB-1880S spectrophotometer (China), at a wave-
length of 518 nm. When necessary, samples were diluted
with distilled water. The amount of dye adsorbed was
calculated by the difference between the initial concentration
and the equilibrium concentration of dye. To obtain the
thermodynamic parameters, the same procedure was performed
at solution temperatures of 25, 35, 45 and 55 C.
2.5. Adsorption kinetic adsorption
Kinetic studies were carried out by shaking 10 mg of OCh-LM
into 10 mL of a dye solution with a concentration of 250 mg/L.
The flask was placed in a shaking water bath for 2 h, and ali-
quots of 0.25 mL were taken at different time intervals. The
sample volume removed was replaced with distilled water.
The amount of RR198 adsorbed was calculated as described
above. This procedure was performed at 25 C.
2.6. Desorption and regeneration studies
First, 10 mg of the OCh-LM was shaken for 1 h with
10 mL of dyes solution at 150 mg/L. The particles were
magnetically separated and the dye concentration in the
supernatant was spectrophotometrically measured. The
magnetic material containing the adsorbed dye was shaken
with 5 mL of NaOH 0.01 M (for 30 min) for desorption,
and the particles were magnetically separated and regener-
ated with 0.01 M HCl to remove the NaOH and finally
washed exhaustively with water. This process was repeated
four times.Please cite this article in press as: Demarchi, C.A. et al., Adsorption of the dye Rem
nanoparticles. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabRR198 standard solution and dye removed with NaOH
were analyzed by high performance liquid chromatography
(HPLC) analysis was performed with a Varian PROSTAR
HPLC System (Palo Alto, California, USA), equipped with
Varian 410 Autosampler, Varian 230 Ternary Pump System
and a Varian 325 UV–VIS Detector. The analyses were carried
out under isocratic conditions (methanol: acetonitrile 75:25)
using C18 column (4.6 mm  250 mm) packed with 5 lm
diameter particles. The volume injected for analysis was
20 lL. The mobile phase used for analysis was methanol:ace-
tonitrile 75:25 and the flow rate was 1.0 mL/min. The wave-
lengths used were 254 nm.
2.7. Theory
2.7.1. Equilibrium of adsorption
Three models were applied to the data (Langmuir, Freundlich,
and Langmuir–Freundlich). The Langmuir isotherm assumes
monolayer adsorption, which means that the adsorption pro-
cess can occur at a fixed number of sites, in thickness of the
adsorbed layer of only one molecule as the adsorbed layer
(Tien et al., 2003). The Langmuir isotherm is represented by
Eq. (1):
Cs ¼ KLqmCe
1þ KLCe ð1Þ
where Cs is the amount of dye adsorbed at equilibrium (mg/g),
Ce is the dye concentration at equilibrium (mg/L), KL is the
Langmuir adsorption constant (L/mg), related to adsorption
energy, and qm is the maximum adsorption capacity (mg/g).
The Freundlich model describes a non-ideal and reversible
adsorption, assuming heterogeneous surface energies. It is
given by Eq. (2):
Cs ¼ KFCð1=cÞe ð2Þ
where KF is the Freundlich adsorption constant (L/g), related
to adsorption capacity, and c is the heterogeneity factor. The
term 1/c is related to the adsorption intensity or surface hetero-
geneity. Values for 1/c below one indicate the Langmuir
model, while values higher than one indicate cooperative
adsorption. Values closer to zero are indicative of more hetero-
geneous systems (Langmuir, 1916; Freundlich, 1906).
The Langmuir–Freundlich isotherm is a combination of the
Langmuir and Freundlich models. It is represented by Eq. (3):
Cs ¼ KLFqmC
c
e
1þ KLFCce
ð3Þ
where KLF is the Langmuir–Freundlich adsorption constant
(L/mg). When the c values are less than one, this represents
a heterogeneous adsorbent (Foo and Hameed, 2010).
2.7.2. Kinetics of adsorption
The kinetic data of RR198 adsorption by CCh-L/M particles
at 25 C were modeled using pseudo-first order, pseudo-
second order, and intraparticle diffusion. The pseudo-first-
order equation is the earliest known equation describing the
adsorption rate based on adsorption capacity. Its nonlinear
form is represented by Eq. (4):
qt ¼ qeð1 eK1tÞ ð4Þazol Red 198 (RR198) by O-carboxymethylchitosan-N-lauryl/c-Fe2O3 magnetic
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Figure 1 FTIR spectra of OCh-LM.
4 C.A. Demarchi et al.where K1 is the rate constant of pseudo-first order (1/min), and
qe and qt are the amount of dye adsorbed (mg/g) in equilibrium
and at time t (min), respectively (Liu and Liu, 2008).
The nonlinear form of pseudo-second order model,
described by Ho and McKay (1999) is represented by Eq. (5):
qt ¼
K2q
2
e t
1þ K2qet
ð5Þ
where K2 is the rate constant of pseudo-second order model
(g/mg min).
The intraparticle diffusion equation is used to verify
whether the diffusion mechanism is the limiting step of the
adsorption process. It is represented by Eq. (6):
qt ¼ KIPt0:5 ð6Þ
where KIP is the intraparticle diffusion rate constant
(mg/g min1/2) (Weber and Morris, 1963).
2.7.3. Thermodynamic adsorption parameters
The thermodynamic parameters such as change in Gibbs free
energy (DG, kJ/mol), enthalpy (DH, kJ/mol), and entropy
(DS, J/mol K) were determined using Eqs. (7)–(9);
KD ¼ Cs
Ce
ð7Þ
DG ¼ RT lnKD ð8Þ
lnKD ¼ DS

R
 DH

RT
ð9Þ
where KD is the equilibrium constant, Cs is the amount of dye
adsorbed (mg/g), Ce is the equilibrium concentration (mg/L),
R is the universal gas constant (8.314 J/mol K), and T is abso-
lute temperature (K). By plotting a graph of ln KD versus 1/T,
DH and DS values can be determined from the slopes and
intercept, respectively.
2.7.4. Statistic parameters
Nonlinear regression was used for all models (kinetic and iso-
therm) to determine the best-fitted model and three error func-
tions were evaluated: the coefficient of determination (r2),
nonlinear chi-square test (v2, Eq. (10)), and residual sum
square (RSS, Eq. (11)).
v2 ¼
Xn
i¼1
ðqe;calc  qe;measÞ2
qe;meas
ð10Þ
RSS ¼
Xn
i¼1
ðqe;calc  qe expÞ2i ð11Þ3. Results and discussion
3.1. Characterization of CCh-LM
The FT-IR spectrum of OCh-LM, Fig. 1 presents characteris-
tic bands of lauryl groups such as 2950 cm1 (mas CH2),
2870 cm1 (ms CH2), and 1450 cm
1 (d CH2), confirming the
chain alkyl substitution (Freundlich, 1906) and peaks between
3455 cm1 (mas OH), 1540 cm
1 (m NH), and 1660 cm1 and
COO related to carboxymethylchitosan (Ho and McKay,Please cite this article in press as: Demarchi, C.A. et al., Adsorption of the dye Rem
nanoparticles. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arab1999). Bands related to the inorganic magnetic material are
observed at 585 and 900 cm1 (Fe–O) (Albornoz et al., 2004;
Goya et al., 2003). The polymer bands are more evident due
to the low content of inorganic material.
As shown in Fig. 2, the TGA curve for OCh-LM material
(solid line) exhibits two steps of weight loss, first weight loss
of 11.6% below 190 C, which may be due to the loss of
adsorbed water in the sample. The second step of weight loss
of 45.4%, in the range of 190–600 C, corresponds to
the loss of organic polymer. The total weight loss of the
magnetic material (53.2%) is lower when compared to
O-carboxymethylchitosan-N-lauryl (59.8%) (dashed line). This
difference can be attributed to the presence of the inorganic
material in OCh-LM.
The microstructure of OCh-LM was observed with a trans-
mission electron microscopy (TEM), using a JEOL JEM 2000-
EX. An image is shown in Fig. 3 by way of example, with the
scale bar corresponding to 50 nm. It can be seen that c-Fe2O3
nanoparticles are spherical in shape, and can be found within
the polymer matrix, either as separate nanoparticles or as
aggregates containing from a few, to hundreds of particles.
The well-defined coreshell structure was distinguished by a
deep contrast core and a light contrast shell due to the different
mass contrast between the core and shell layer. This result was
consistent with previous works for preparing core-gel magnetic
chitosan particle (Dodi et al., 2012) and magnetic chitosan
(Wang et al., 2014).
Magnetic characterizations of the OCh-LM studied, and of
the c-Fe2O3 particles alone, were performed with a VSM mag-
netometer. The magnetization curves at 295 K are shown in
Fig. 4. The room temperature saturation magnetization of
maghemite nanoparticles is 69.7 emu/g, i.e., a value typical
of nanostructured c-Fe2O3. The saturation magnetization of
the OCh-LM is 18.4 emu/g, which reflects the weight fraction
of c-Fe2O3 in the polymer. The hysteresis loops for both sam-
ples exhibit a residual coercivity (10 Oe) which results from
those of nanoparticles which remain the strongest
magnetostatically coupled in the agglomerates. For the major-
ity of particles, the thermal fluctuations dominate the effective
anisotropy energy barrier, and the unhysteretic magnetization
curve M(H) can well be described within the Langevinazol Red 198 (RR198) by O-carboxymethylchitosan-N-lauryl/c-Fe2O3 magnetic
jc.2015.08.028
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Figure 2 TGA curve of OCh-LM (solid line) and O-carboxymethylchitosan-N-lauryl (dashed line).
Figure 3 TEM micrograph of OCh-LM with a scale bare of
50 nm.
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curves fitted in the Langevin approximation (solid lines). Inset –
resulting particle size distribution function with D0 = 11 nm and
rD = 3.4 nm.
Adsorption of the dye Remazol Red 198 (RR198) 5formalism typical of superparamagnetic particles (Albornoz
et al., 2004; Goya et al., 2003).
Assuming a spherical shape of particles, and considering a
log-normal distribution of particle sizes q(D), the magnetiza-
tion curve can be described by Eqs. (12) and (13):
M ¼MS
Z /
0
LðMeffH=kBTÞqðDÞdD ð12Þ
with
qðDÞ ¼ 1
Dr
ﬃﬃﬃﬃﬃ
2p
p exp ðlnD lnD0Þ
2
2r2
 !
ð13Þ
where L is the Langevin function, lnD0 = hlnDi, r – the
standard deviation of lnD, MS is the saturation magnetiza-
tion of the sample, Meff is the particle magnetization, T isPlease cite this article in press as: Demarchi, C.A. et al., Adsorption of the dye Rem
nanoparticles. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabthe temperature, H is the applied field, kB is the Boltzmann
constant. The solid lines in Fig. 4 show the best fits to the
experimental curves, whereas the inset displays the resulting
log-normal distribution of particle diameters (valid for both
samples). The evaluated mean diameter of particles is around
11.1 nm and its standard deviation is 3.4 nm. The particle
magnetization is estimated at 372 emu cm3 for inorganic c-
Fe2O3 particles and is around 12% lower for OCh-LM,
which indicates an enhanced spin canting and disorder at
the surface of the maghemite particles surrounded by the
polymer. It should be noted, however, that the distribution
obtained characterizes the so-called magnetic sizes of
nanoparticles that are usually somewhat smaller than the geo-
metric sizes obtained from TEM images (Luigjes et al., 2011).
The difference is mainly related to surface shells of particles,
which do not effectively contribute to the particle magnetic
moments due to their diffused and defected nature, as well
as the breaking of a large number of exchange bonds for
surface Fe ions.azol Red 198 (RR198) by O-carboxymethylchitosan-N-lauryl/c-Fe2O3 magnetic
jc.2015.08.028
Table 3 Isotherm adsorption parameters (Langmuir–Fre-
undlich model), for adsorption of RR198 on the OCh-LM.
KLF (L/g) qe (mg/g) c r
2 v2 SSE
Temperaturea
6 C.A. Demarchi et al.3.2. Batch adsorption
3.2.1. Equilibrium adsorption
The isotherm constants for the Langmuir, Freundlich and
Langmuir–Freundlich isotherms; the error parameters, r2, v2,
and RSS; and the experimental data are listed in Tables 1–3.
The error parameters for the Langmuir–Freundlich isotherm
(v2 and RSS) are lower than the values obtained for the Lang-
muir and Freundlich isotherms. The r2 values of the Lang-
muir–Freundlich models are higher than those of the other
models. The comparison of these three isotherms with the
experimental data is shown in Fig. 5. It can be observed from
the plot that the values of the Langmuir–Freundlich isotherm
model were closer to the experimental data than the values of
the Langmuir and Freundlich models, as predicted by the error
parameters.
The effect of temperature on the adsorption capacity of
OCh-LM was studied at different temperatures, 25 C, 35 C,
45 C and 55 C. It is known that increasing the temperature
affects the rate of diffusion of the dye molecules. The results
showed that the amount of dye adsorbed increased from
215 mg/g to 390 mg/g when the temperature was increased
from 25 C to 55 C. This may be attributed to a swelling effect
in the internal structure of OCh-LM, produced by the temper-
ature increase, which facilitates the penetration of dye mole-
cules into the internal structure of the nanoparticles (Cestari
et al., 2004).
The effect of pH on RR198 adsorption capacity of OCh-
LM increased with decrease of the pH (Tables 1–3). The
adsorption capacity increased from 104 mg/g to 321 mg/gTable 1 Isotherm adsorption parameters (Langmuir model)
for adsorption of RR198 on the OCh-LM.
KL (L/g) qe (mg/g) r
2 v2 RSS
Temperaturea
25 C 0.18 215 0.9642 292 512
35 C 0.26 241 0.9484 457 371
45 C 0.096 459 0.9854 157 315
55 C 0.41 252 0.9822 253 760
pHb
2 0.033 321 0.9234 382 147
7 0.28 104 0.9097 72 216
a Water pH 7.0.
b Temperature 25 C.
Table 2 Isotherm adsorption parameters (Freundlich model),
for adsorption of RR198 on the OCh-LM.
KF (L/g) c r
2 v2 RSS
Temperaturea
25 Ca 55.9 0.33 0.8820 566 969
35 C 62.2 0.39 0.9105 495 431
45 C 47.9 0.67 0.9724 298 597
55 C 81.0 0.74 0.8110 325 763
pHb
2 19.4 0.60 0.9136 446 339
7 42.4 0.19 0.9620 29 89
a Water pH 7.0.
b Temperature 25 C.
Please cite this article in press as: Demarchi, C.A. et al., Adsorption of the dye Rem
nanoparticles. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabwhen the pH of the dye solution decreased from 7.0 to 2.0.
The adsorption process of RR198 on the OCh-LM nanoparti-
cles occurs mainly through ionic interactions between the pos-
itively charged amino (NH3
+) of the polymer and the
negatively charged sulfonate groups (SO3
) of the dye, or –
COOH groups of the polymer with SO3
 groups, particularly
at low pH (Oladipo et al., 2014).
On the other hand, the appreciable amount of RR198
adsorption onto OCh-LM at pH 7.0 suggests the involvement
of a hydrophobic interaction between the aromatic residues of
the dye and the lauryl groups of the adsorbent (Xu et al.,
2012). A similar trend of pH effect was observed for the
adsorption of rhodamine B and Congo red on O-
carboxymethylchitosan-N-lauryl (Debrassi et al., 2012;
Largura et al., 2010). Therefore, the introduction of hydropho-
bic groups does not decrease the adsorption capacity of the
adsorbent, with increased pH, as occurs with Congo red on
N,O-carboxymethyl-chitosan (Wang and Wang, 2008).
However, when the pH is increased to >7.0, repulsion
occurs between the negatively charged surface of the OCh-
LM, due to the –COO groups from adsorbent and SO3
 of
the dye, resulting in a considerable decrease in the amount
of dye adsorbed. At pH 9 the amount of dye removed from25 C 0.15 216 1.2 0.9646 296 592
35 C 0.26 242 0.98 0.9448 685 371
45 C 0.11 342 1.24 0.9883 253 253
55 C 0.25 390 0.63 0.9863 322 469
pHb
2 0.022 358 0.95 0.9824 187 254
7 0.29 165 0.37 0.9695 36 72
a Water pH 7.0.
b Temperature 25 C.
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Figure 5 Adsorption isotherm, batch system, of RR198 on OCh-
LM; amount OCh-LM 10 mg; temperature 25 C; stirring time
60 min.
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Table 4 Kinetic parameters for adsorption of RR198 on the
OCh-LM.
Pseudo-ﬁrst-order (nonlinear)
qe (mg/g) 246
k1 (1/min) 3.4  103
r2 0.9721
v2 84
RSS 421
Pseudo-second-order (nonlinear)
qe (mg/g) 289
k2 (mg/g min) 1.4  104
r2 0.9972
v2 38
RSS 192
Intraparticle diﬀusion (nonlinear)
KIP (mg/g min
1/2) 9.72
r2 0.8768
v2 372
SSR 861
Intraparticle diﬀusion Step 1
KIP (mg/g min
0.5) 23.3
C 24.5
r2 0.9874
Intraparticle diﬀusion Step 2
KIP (mg/g min
1/2) 222.9
C 1.4
r2 0.7854
Adsorption of the dye Remazol Red 198 (RR198) 7the solution was very close to zero, and it is not possible to cal-
culate the maximum adsorption capacity.
The maximum adsorption capacity of RR198 by the OCh-
LM nanoparticles is approximately equal to that reported for
the laurylchitosan magnetic particle, 385 mg/g (Xu et al.,
2012). The OCh-LM presented higher adsorption capacities
for the same dye when comparing to native, acid and alkali
pretreated dried Potamogeton crispus (14.3, 26.8, and
44.2 mg/g respectively, at 20 C) (Gulnaz et al., 2011), canola
hull (2.79 mg/g at pH 2.5) (Mahmoodi et al., 2011), spent bio-
mass of Nostoc linckia (93.5 mg/g at pH 2.0) (Mona et al.,
2011), eggshell biocomposite beads (46.9 mg/g at pH 1.0 and
22 C) (Elkady et al., 2011), titania/silica nano-hybrid
(0.027 mg/g), amine-functionalized titania/silica nano-hybrid
(138.889 mg/g) (Mahmoodi and Najafi, 2012) and
cetyltrimethyl-ammonium bromide-coated magnetite nanopar-
ticles (163.5 mg/g) (Faraji et al., 2010).
3.2.2. Kinetic adsorption
Fig. 6 presents the plots of the pseudo-first order, pseudo-
second order kinetics and intraparticle diffusion by the nonlin-
ear method, of RR198 adsorption onto OCh-LM. The calcu-
lated kinetic parameters are given in Table 4. By regressing
the kinetic data with the above models, the error parameters,
r2, v2, and RSS were estimated to be 0.9721, 84, and 421,
respectively, for pseudo-first order; and 0.9972, 38, and 192
for pseudo-second order, respectively. These values reveal a
better fit to the pseudo-second order rate model than to the
pseudo first-order rate model. In addition, the calculated equi-
librium adsorption capacities (qe) fitted the experimental (qexp)
values well.
The values of the intra-particle diffusion rate constant, Ki,
are given in Table 4; values of error parameters were found to
be higher than the pseudo-first-order and pseudo-second order
rate model. These results indicate that the dye molecules dif-
fused quickly among the sorbents at the beginning of the
adsorption process, and then intra-particle diffusion slowed
down and stabilized. According to this model, the intra-
particle diffusion is the sole rate-limiting step when the plot
qt versus t
0.5 passes through the origin (Tanhaei et al., 2015).
The deviation of the straight lines from the origin (data not0 20 40 60 80 100 120 140 160 180 200
100
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240
260
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 Intra-particle
q t
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Figure 6 Kinetic adsorption of RR198 on OCh-LM. RR198
250 mg/L; amount OCh-LM 10 mg; temperature 25 C.
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limiting step.
3.2.3. Intra-particle diffusion
The possibility of intraparticle diffusion was explored for
RR198 adsorption onto OCh-LM using the intra-particle
diffusion model Webber and Morris, linear form,
equation.
qt ¼ KIPt0:5 þ C ð14Þ1284
100
150
200
250
q t
 (m
g/
g)
Time0.5 (min)
Figure 7 Intra-particle diffusion plot for RR198 on OCh-LM.
RR198 250 mg/L; amount OCh-LM 10 mg; temperature 25 C.
azol Red 198 (RR198) by O-carboxymethylchitosan-N-lauryl/c-Fe2O3 magnetic
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Table 5 Thermodynamic parameters for the adsorption of
RR198 on the CCh-LM.
DH (kJ/mol) DS (J/mol K) DG (kJ/mol)
25 C 35 C 45 C 55 C
34.3 129.4 4.5 5.4 6.8 9.5
0,00305 0,00310 0,00315 0,00320 0,00325 0,00330 0,00335
1,8
2,0
2,2
2,4
2,6
2,8
3,0
3,2
Ln
 K
D
1/T (1/K)
Figure 8 v’ant Hoff plot for adsorption of RR180 onto OCh-
LM.
Table 6 Reuse of OCh-LM nanoparticles.a
Cycle Adsorption
(mg/g)
Concentration
(mg/L)
Concentration
reduction (%)
1 144 5.9 96
2 118 42.7 79.8
3 110 40.5 73.8
4 77 72.6 51.6
a 10 mg of OCh-LM; 10 mL of RR198 solution with 150 mg/L;
55 C.
b
a
c
Figure 9 HPLC analysis: (a) RR198 solution (10 mg/L); (b) RR198 so
amount OCh-ML 10 mg solution volume 10 mL. (c) Dye removed wi
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The value of the intra-particle diffusion rate constant, KIP
and C were given in Table 4; values r2 were found to be higher
than the pseudo-first-order and pseudo-second order rate
model. The plot of qt vs. t
0.5 consists of two linear segments,
Fig. 7. The first sharp phase represents boundary layer diffu-
sion due to the mass transfer from the dye solution to the
external surface of nanoparticle. The second part showed a
gradual adsorption step, corresponding to intra-particle diffu-
sion of dye molecules throughout the pores of the nanoparti-
cle. Therefore, the presence of multilinearity and boundary
layer thickness suggests that in combination with intraparticle
diffusion model, some other mechanism may also contribute
significant role in the adsorption process. Therefore it is
believed that surface adsorption along with intraparticle diffu-
sion process takes place simultaneously.
3.2.4. Thermodynamic adsorption
The values of DH, DS, and DG were calculated from Eqs.
(7)–(10) and are reported in Table 5 and Fig. 8. The positive
values of DH indicate the endothermic nature of the adsorp-
tion process. The positive values of DS suggest the increased
randomness during the adsorption of RR198. The negative
values DG indicate that the adsorption on the OCh-LM is a
spontaneous process, whereby no energy input from outside
of the system is required. However, the values of DG
decreased with increasing temperature, suggesting that adsorp-
tion of dye onto the OCh-LM became more favorable at high
temperatures. The change in free energy for physisorption,
such as van der Waals interactions, is usually lower than
20 kJ/mol and electrostatic interaction, from 20 to 80 k/mol.
Chemisorption bond is in the range of 80 to 400 kJ/mol. The
values of DG obtained in this study are within the ranges of
the physisorption mechanism.
3.3. Reuse
Four adsorption/desorption cycles were carried out to evaluate
the reusability of OCh-LM as adsorbent for the remove of
RR198 from aqueous solution. The results showed a signifi-
cant decrease in adsorption capacity with increasing reuselution (100 mg/L) after adsorption batch process (70 C, 120 min),
th NaOH 0.01 M.
azol Red 198 (RR198) by O-carboxymethylchitosan-N-lauryl/c-Fe2O3 magnetic
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Adsorption of the dye Remazol Red 198 (RR198) 9cycles, 144–77 mg/g after four cycles (Table 6). These results
indicate that there is a process of saturation of adsorption sites
present on the surface of the OCh-LM. The decrease in
adsorption capacity can be ascribed to the progressive satura-
tion of the adsorption sites of the OCh-LM particles by the dye
molecules, or to impurities, or even to a degradation of the
material due to the extreme pH conditions (Kyzas et al., 2011).
Fig. 9 shows the chromatogram of the dye solution
removed with NaOH. Also shown are the chromatograms of
the solution before and after the dye adsorption process. The
chromatograms of the standard dye solution (100 mg/L) show
a peak at 1.7 min (Fig. 8A) and the area of this peak became
smaller after contact with OCh-LM for 15 min at 70 C
(Fig. 8B). The chromatogram of dye removed with NaOH
0.01 M solution shows peak at 1.6 min (Fig. 8C). There are
observed, in the chromatogram of the dye removed other
peaks, show that the dye does not undergo decomposition with
the remover solution. This result indicates that the dye can be
reused in the industrial process.
4. Conclusion
The present study focuses on adsorption of RR198 from aque-
ous solution, using the OCh-LM as adsorbent in batch and
microwave-assisted method. The kinetic properties of the
adsorption of RR198 onto OCh-LM were well described by
the pseudo-second order equation. Equilibrium experiments
fitted the Langmuir–Freundlich isotherm model well. Thermo-
dynamic parameters indicated that the adsorption process was
spontaneous and endothermic. The maximum adsorption
capacity, calculated through the Langmuir–Freundlich model
at 25 C, was 216 mg/g. Desorption of the dye and reuse of
the adsorbent were performed in four cycles, and a decrease
was observed in the amount of adsorbed RR198 in each cycle.
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